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Abstract 13 
Ticks were collected between March and July 2015 from dogs by veterinarians 14 
throughout the UK and used to estimate the current prevalence and distribution of 15 
pathogens. DNA was extracted from 4,750 ticks and subjected to PCR and 16 
sequence analysis to identify Borrelia burgdorferi sensu lato and Babesia species.  17 
From 4,737 ticks (predominantly Ixodes ricinus Linneaus), B. burgdorferi (s.l.) was 18 
detected in 94 (2.0%). Four Borrelia genospecies were identified: Borrelia garinii 19 
(41.5%), Borrelia afzelli (31.9%), Borrelia burdorferi sensu stricto (s.s.) (25.5%) 20 
and Borrelia spielmanii (1.1%). One Rhipicephalus sanguineus Latreille, collected 21 
from a dog with a travel history outside the UK, was positive for B. garinii. Seventy 22 
ticks (1.5%) were positive for Babesia spp.: 84.3% were Babesia venatorum, 10.0% 23 
were Babesia vulpes sp. nov., 2.9% were Babesia divergens/capreoli and 1.4% were 24 
Babesia microti.  One isolate of Babesia canis was detected in a D. reticulatus tick 25 
collected from a dog that had recently travelled to France. The prevalence of B. 26 
burgdorferi (s.l.) and Babesia spp. did not differ significantly between different 27 
regions of the UK. The results map the widespread distribution of B. burgdorferi 28 
(s.l.) and Babesia spp. in ticks in the UK and highlight the potential for the 29 
introduction and establishment of exotic ticks and tick borne pathogens. 30 
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Introduction  38 
Tick-borne disease has a major direct impact on animal health and welfare; in addition, 39 
companion animals, particularly dogs, can be considered as sentinels for the risk of 40 
human pathogen exposure (Lindenmayer et al., 1991; Smith et al., 2012). Changes in the 41 
distribution and prevalence of ticks and tick-borne pathogens are therefore of 42 
particular interest (Gray, 2008; Beugnet & Marie, 2009; Hansford et al., 2016a) and may 43 
be expedited by changes in climate, increases in host populations and increasing levels 44 
of animal movement (Hansford et al., 2016b). Two of the tick-borne pathogens of 45 
particular interest in this context in the UK are Borrelia and Babesia.  46 
Lyme disease results from Borrelia burgdorferi (s.l.) species complex infection 47 
and is transmitted in Europe primarily by Ixodes ricinus (Ackermann et al., 1984), but 48 
can also be transmitted by I. hexagonus (Toutoungi & Gern, 1993). Nine pathogenic 49 
species of B. burgdorferi (s.l.) are described in Europe: B. burgdorferi sensu stricto (s.s.), 50 
B. garinii, B. afzelii, B. valaisiana, B. lusitaniae, B. spielmanii, B. kurtenbachii, B. bissettii 51 
and B. bavariensis (Rauter & Hartung, 2005; Margos et al., 2010). Four genospecies have 52 
been recently reported in Scotland: B. afzelii, B. garinii, B. burgdorferi (s.s.) and B. 53 
valaisiana (Millins et al., 2016). Borrelia burgdorferi (s.l.) infections circulate within 54 
reservoir populations of wild animals, particularly small mammals and ground nesting 55 
birds.  They are transmitted trans-stadially within ticks, with trans-ovarian 56 
transmission appearing to play only a minor role in the epidemiology of this pathogen 57 
(Nefedova et al., 2004). Lyme disease is a serious problem for people and reported 58 
human cases of Lyme disease increased 30-fold between 1999 and 2008 in Scotland 59 
(Health Protection Scotland, 2009).  In dogs, a recent UK study detected B. burgdorferi 60 
(s.l.) in 2.3% of ticks recovered (Smith et al., 2012).  Only 5-10% of dogs infected with B. 61 
burgdorferi (s.l.) develop clinical disease (Little, 2010), therefore, the prevalence of 62 
clinical Lyme disease in dogs significantly underestimates the risk of disease exposure.   63 
Babesia spp. protozoans are found around the world and infect the blood cells of 64 
many animal species (Telford et al., 1993) causing the disease called babesiosis. Four 65 
Babesia species are known to affect dogs; B. canis, B. vogeli, B. gibsoni and B. vulpes sp. 66 
nov., (the latter previously described as Babesia microti-like) (Matijatko et al., 2012; 67 
Baneth et al., 2015). The clinical signs and severity of disease vary with different 68 
Babesia species infections as well as with the immune and health status of the animal, 69 
and range from a mild transient illness to acute disease associated with severe 70 
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haemolysis that rapidly results in death (Solano-Gallego & Baneth, 2011). Humans 71 
become susceptible to babesiosis only if splenectomised or otherwise 72 
immunocompromised, and B. divergens, a parasite of cattle, or B. microti, found in 73 
rodents, have been indicated as the most common causal agents (Gray et al., 2010). 74 
Ticks acquire Babesia spp. infections by feeding on an infected host and transovarial 75 
transmission of Babesia canis has been observed through up to five tick generations 76 
(Chauvin et al., 2009). For dogs, the most pathogenic and widespread of the species is B. 77 
canis, a large piroplasm endemic in most of continental Europe (Criado-Fornelio et al., 78 
2000).  79 
The distribution of B. canis is closely associated with its vector Dermacentor 80 
reticulatus (Foldvari et al., 2005) and therefore changes in the distribution of this tick 81 
are important. Historical records show that D. reticulatus has been found in the UK for 82 
over 100 years (http://data.nbn.org.uk) in relatively small, isolated populations.  83 
However, at least four established, predominantly coastal, populations have been 84 
recently confirmed (Jameson & Medlock, 2011).  In the UK, there have been an 85 
increasing number of cases of babesiosis in dogs imported from abroad (Shaw et al., 86 
2003). The first case of fatal babesiosis in a dog that had not left the UK was diagnosed 87 
in Kent and the causal agent was tentatively identified as B. vogeli (Holm et al., 2006).  88 
Subsequently a cluster of cases of B. canis was reported involving dogs in Essex with no 89 
history of foreign travel (Hansford et al., 2016a). A later report of two additional cases 90 
suggests that B. canis is now endemic in this area. Retrospective Babesia test results 91 
from two UK laboratories showed that 13 of 99 submissions in 2015 were positive for 92 
Babesia spp., which were considered to be from dogs returning after travel outside the 93 
UK (Sanchez-vizcaino et al., 2016a,b). In just the first three months of 2016, 11 of 67 94 
submissions were positive, indicating a sudden increase in cases with geographical 95 
clustering with eight cases originated from Essex.  96 
A novel zoonotic babesia, B. venatorum, was identified (Herwaldt et al., 2003) 97 
and has been recorded in UK ticks (Smith et al., 2013). Another large piroplasm, B. 98 
vogeli, transmitted by Rhipicephalus sanguineus, is found in southern Europe around the 99 
Mediterranean and is an emerging pathogen in northern and eastern Europe (Irwin, 100 
2009). Rhipicephalus sanguineus is not established in the UK; however, there have been 101 
reports of R. sanguineus infestations in domestic properties in the UK thought to have 102 
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been introduced by importing dogs that were unprotected against ticks (Hansford et al., 103 
2015). 104 
The evidence suggests that the distribution and prevalence of Borrelia spp. and 105 
Babesia spp. pathogens within the UK are currently highly labile and closer surveillance 106 
is therefore warranted. However, the relatively low prevalence and the highly uneven 107 
geographical distribution of infections, mean that very large samples are required to 108 
ensure detection where they are present. The aim of this study, therefore, was to 109 
determine the prevalence of Babesia spp. and Borrelia spp. in ticks collected from dogs 110 
presented to veterinary practices participating in a UK-wide national tick surveillance 111 
programme (Abdullah et al., 2016). 112 
 113 
Methods and Materials 114 
Sample collection and DNA extraction  115 
A national survey of ticks collected from dogs in the UK was undertaken in 2015, 116 
during which veterinary practices were asked to examine five dogs for ticks each week 117 
for eight weeks following a previously described protocol (Abdullah et al., 2016). Ticks 118 
collected were submitted for identification and then pathogen testing.  119 
Each tick received by the investigators was given a unique identification number 120 
and stored at -20oC pending analysis.  Subsequently, ticks were identified to species, 121 
life-cycle stage and sex (Abdullah et al., 2016).  122 
All ticks submitted over the first 13 weeks of the surveillance study described by 123 
Abdullah et al. (2016) were used in the present analysis. These were first classified by 124 
level of engorgement as: unfed, partially-fed, or fully-fed.  Fully-fed ticks were those 125 
considered to have reached maximum engorgement in relation to scutal dimensions; 126 
partially-fed ticks were defined as those that contained some blood but which had not 127 
yet reached maximum expansion; unfed ticks contained no blood.  Each tick was then 128 
cut longitudinally and transversely before DNA extraction. DNA extraction from ticks 129 
was performed using two commercially available extraction kits. Both the extraction 130 
methods were compared using spectrophotometry (Nanodrop) and agarose gel 131 
electrophoresis and both were found to give a similar range of sample DNA 132 
concentrations.  DNA from first 1600 tick samples used QIAGEN, blood tissue kits 133 
(DNeasy Blood & Tissue Kit) and the remainder used the high throughput NucleoSpin® 134 
96 Tissue Core Kit (Macherey-Nagel, Germany). Both the kits were used following the 135 
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manufacturer’s instructions. For those that were unfed and partially-fed, whole ticks 136 
were used and the volume of reagent used for extraction followed the kit protocol.  But 137 
for fully-fed ticks, which had large volumes of clotted blood, using the whole tick was 138 
not practical because even after overnight digestion in double the recommended 139 
volume of Proteinase-K and tissue lysis buffer, the digest clogged the silicone columns 140 
preventing the completion of extraction. To overcome this problem only the anterior 141 
two thirds of the fully engorged tick (containing salivary glands) was used for extraction 142 
and the extraction protocol used: 40 µl of Proteinase-K (instead of 30 µl) and 400 µl of 143 
tissue lysis buffer (instead of 240 µl) and the samples were incubated at 56 °C 144 
overnight.  After overnight digestion, only half the lysate was transferred to spin 145 
columns (using full lysate again created problems in the silicone columns). Two washes 146 
of wash buffer were given to each column to clean them up properly before the ethanol 147 
wash and final elution. Finally, DNA was eluted in 100 µl of elution buffer and stored at -148 
20 °C prior to further analysis. A canine glyceraldehyde-3-phosphate dehydrogenase 149 
(GAPDH) qPCR was multiplexed with the Babesia spp. qPCR, to detect canine DNA 150 
isolated from dog blood in each tick sample as a control for DNA extraction, qPCR setup 151 
and assay inhibition; all of the ticks, except the unfed, had amplifiable canine DNA 152 
demonstrating that the extraction and the PCRs were working appropriately.  153 
 154 
Borrelia PCR and sequence analysis 155 
Conventional PCR was used to detect B. burgdorferi (s.l.) in the DNA extract; 156 
primers BSLF (5′-AATAGGTCTAATAATAGCCTTAATAGC-3′) and BSLR (5’-157 
CTAGTGTTTTGCCATCTTCTTTGAAAA-3’) amplified a 250- 300 bp region of the ospA 158 
gene found in all B. burgdorferi (s.l.) (Smith et al., 2012).  Master-mix was formulated as 159 
follows: 5 µl of 2x GoTaq Hot start mix (Promega, UK), 0.4 µl of 12.5 µM each 160 
BSLF/BSLR primer mix and 2.6 µl water.  Two µl of extracted DNA were then added to 8 161 
µL of master mix in 96 well PCR plates using a high throughput automated pipetting 162 
system (epMotion P5073, Eppendorf, UK).  Water and B. burgdorferi (NG036 PCR 163 
product diluted at 10-10) were used as negative and positive controls, respectively. 164 
Thermal cycling included an initial denaturation (95°C for 2 min), followed by 40 165 
denaturation cycles (95 °C for 20 s), annealing (56 °C for 30 s) and extension (72 °C for 166 
30 s). Amplified DNA was subjected to electrophoresis in a 1.5% agarose gel pre-stained 167 
with 0.05 µg/ml ethidium bromide and viewed under UV light. Positive samples were 168 
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identified as having a defined band of 250-300 bp on the gel and were later re-amplified 169 
in a 25 µl PCR for DNA sequencing. 170 
Amplicons were prepared for DNA sequencing (Macherey-Nagel NucleoSpin® 96 171 
PCR Clean-up Core Kit, Macherey-Nagel, Germany) and sent for commercial DNA 172 
sequencing (MRC I PPU, College of Life Sciences, University of Dundee, Scotland) using 173 
Applied Biosystems Big Dye Ver 3.1 chemistry on an Applied Biosystems model 3730 174 
automated capillary DNA sequencer. Only forward sequencing was undertaken, the 175 
sequences were checked and edited, if necessary using BioEdit Sequence Alignment 176 
Editor Version 7.2.5, and then compared to available sequence data available (GenBank 177 
using BLASTn http:// www.ncbi.nlm.nih.gov/BLAST/). Any sequences with less than 178 
97% homology were not considered. 179 
 180 
Babesia PCR and sequence analysis 181 
Babesia spp. were detected in DNA extracts using a probe based generic Babesia 182 
qPCR targeting the 18S rRNA gene. The following primers were used for detection of 183 
Babesia spp.: Babesia 944 for (5’-TTAACGAACGAGACCTTAACCTG-3’), Babesia 1315 rev 184 
(5’-CCGAATAATTCACCGGATCAC-3’) and Babesia TaqMan probe (5’-FAM-185 
CGATCGGTAGGAGCGACGGGC-BHQ1-3’) (Diagnostic Laboratories, Langford Vets, UK). A 186 
primer/probe mix was made as follows: 10 µM Babesia 944 for, 10 µM Babesia 1315 187 
rev, 2.5 µM Babesia TaqMan probe. Positive (B. canis, 12763 PCR product diluted at 10-188 
1) and negative (water) controls were included in each 96 well PCR plate. The qPCR 189 
reaction was made with 2 µl of sample DNA and 8 µl of master mix, composed of 5 µl of 190 
2x GoTaq Hot Start mix, 0.4 µl primer/probe mix, 0.6 µl 50 mM MgCl2 and 2 µl H2O. 191 
Thermal cycling conditions included an initial denaturation (95°C for 2 min; 45 cycles of 192 
95 °C for 15 s, and 60 °C for 30 s) (Agilent MX3005P qPCR, Agilent, UK). Fluorescence 193 
data were collected at 520 nm at the end of each annealing/extension step. A cut off of 194 
35 cycles was used to differentiate true Babesia spp. positives from possible cross-195 
reaction (see discussion). Positive PCR samples were later re-amplified in a 25 µl PCR 196 
for DNA sequencing as described above for Borrelia spp. 197 
 198 
Statistical analysis 199 
Chi-square analysis (SPSS, version 2.3) was used to compare Borrelia and 200 
Babesia regional prevalences, with the UK divided into eight geographic divisions (Table 201 
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1).  Distribution of tick samples and pathogen distributions were mapped using QGIS 202 
(version 2.8.1) using the owner’s postcodes.  203 
 204 
 205 
Results 206 
A total of 4750 ticks were analysed. Among these, 4737 were from dogs resident within 207 
the UK and 13 were from dogs which had been abroad. All but 8 of the tick samples 208 
were adult females at various stages of engorgement, representing a wide geographic 209 
spread from across the UK (Fig 1).  The number of each tick species collected from UK 210 
resident dogs and included in the pathogen analysis were: 4,316 (91.1%) I. ricinus, 386 211 
(8.1%) I. hexagonus, 23 (0.5%) I. canisuga, 9 (0.2%) D. reticulatus and 3 (0.06%) 212 
Haemaphysalis punctata. All the 8 nymphs were I. ricinus. The ticks on travelled dogs 213 
included one D. reticulatus and 12 R. sanguineus.  214 
 215 
Borrelia distribution and prevalence 216 
Borrelia ospA PCR and subsequent DNA sequencing showed that 94 of the 4,737 217 
tick samples from resident dogs (2.0%) contained B. burgdorferi (s.l.) DNA; these 218 
included 91 from I. ricinus and 3 from I. hexagonus.  One R. sanguineus collected from a 219 
dog with recent travel history outside the UK was also found positive. Three of the 94 220 
positive ticks were nymphs and the rest were adult females, including 72 partially-fed, 221 
16 unfed and 3 fully-fed. Borrelia burgdorferi (s.l.) prevalence was 2.1% for I. ricinus and 222 
0.8% for I. hexagonus, while all other tested ticks were negative.  Borrelia were found at 223 
sites throughout the UK (Fig. 2), broadly mirroring the distribution of tick samples 224 
submitted. The regional prevalence of Borrelia spp. ranged from 1.1 to 3.0% (Table 1) 225 
with no significant difference between UK regions (χ2= 6.98, d.f.=7, p=0.43). Sequence 226 
analysis of the 94 B. burgdorferi (s.l.) positive samples detected four genopecies, 227 
including 39 B. garinii (41.5%), 30 B. afzelli (31.9%), 24 B. burdorferi s.s. (25.5%) and 1 228 
B. spielmanii (1.1%). The one infected R. sanguineus was found to be infected with 229 
Borrelia garinii (Table 2). 230 
 231 
Babesia distribution and prevalence 232 
The generic Babesia spp. qPCR and subsequent DNA sequencing indicated that 233 
70 of 4,737 ticks collected from dogs contained Babesia spp. DNA, giving a prevalence of 234 
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1.5%.  One of these was a D. reticulatus, found on a dog with a recent history of travel 235 
outside the UK was also found positive for Babesia. All four tick species were found to 236 
be infected with Babesia spp.; of the 70 positive samples, 62 (88.6%) were I. ricinus, 6 237 
(8.6%) were I. hexagonus, 1 (1.4%) was I. canisuga and 1 (1.4%) was D. reticulatus.  No 238 
nymphs were positive for Babesia spp.; all positive ticks were adult females including 56 239 
partially fed, 3 unfed and 11 fully fed. Babesia spp. were also widely distributed 240 
throughout the UK, with a distribution broadly mirroring that of the tick samples 241 
submitted (Fig. 3).  Regional prevalences varied from 0.5 to 2.4% (Table 1), and were 242 
not significantly different (χ2= 6.26, d.f.=7, p=0.51). Of the 70 Babesia positive samples, 243 
59 (84.3%) were B. venatorum, 7 (10.0%) were B. vulpes sp. nov., 2 (2.9%) were B. 244 
divergens/capreoli, 1 (1.4%) was B. microti and 1 (1.4%) was B. canis. The B. canis DNA 245 
was detected in an adult fully fed D. reticulatus tick collected from a dog that had 246 
recently returned from France (Table 3). Borrelia spp. and Babesia spp. coinfections (B. 247 
garinii and B. venatorum in every case) were detected in 3 ticks, including 2 partially-fed 248 
female I. ricinus and 1 unfed female I. ricinus (Table 3).  249 
 250 
Discussion 251 
In the present study, a large sample of ticks collected from dogs from all regions of the 252 
UK were tested and found to be infected at a prevalence of 2.0% for B. burgdorferi (s.l.) 253 
and 1.5% for Babesia spp. Borrelia burgdorferi (s.l.) were only detected in I. ricinus and I. 254 
hexagonus, whereas various Babesia spp. were detected in all four tick species analysed, 255 
highlighting the greater diversity of host-pathogen-vector relationships for Babesia spp. 256 
(Homer et al., 2000).   Borrelia spielmanii was detected for the first time in a tick in the 257 
UK, which could possibly reflect its low prevalence. This study also highlights the 258 
continued potential for the introduction of ticks into the UK with travelled companion 259 
animals and the establishment of exotic pathogens, such as B. canis.   260 
The prevalences of B. burgdorferi (s.l.) recorded here are broadly similar to other 261 
studies undertaken in the UK.  For example, Bettridge (2013) showed that the 262 
prevalence of B. burgdorferi (s.l.) in I. ricinus is highly variable across various regions of 263 
the UK with prevalences that varied between 1 to 7.5% depending on the region and 264 
also the site from which the ticks were collected. Deciduous and mixed woodland had 265 
significantly higher prevalence than other habitats. The study indicated that the 266 
presence of high number of ticks was not necessarily related to high prevalence of the 267 
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pathogen.  James et al. (2014) found that the prevalence of the B. burgdorferi sensu lato 268 
in Scotland varied between 0.8 to 13.9% in I. ricinus nymphs and again nymphs from 269 
mixed woodland were more likely to be infected than those collected from coniferous 270 
woodland. Hansford et al. (2014) also estimated the prevalence in questing ticks 271 
collected from various regions in England. Most of the ticks were collected either from 272 
woodland and woodland edges or moorlands. A total of 954 ticks were examined for B. 273 
burgdorferi (s. l.), out of which 40 were positive with PCR, giving a prevalence of 4.2%, 274 
but from these they were able to sequence and speciate only 24 samples giving a 275 
prevalence of 2.5%. They also reported considerable variation (between 0 to 13.6%) in 276 
prevalence depending on the region of collection.  Hansford et al. (2016) sampled 277 
known hotspots for Lyme borreliosis in the UK and reported a prevalence of 18% in 278 
questing ticks (predominantly nymphs), but with very small samples sizes in many 279 
locations.  A smaller-scale UK survey of ticks feeding on dogs, which used the same 280 
sample methodology as used here, reported a similar prevalence of 2.3% for B. 281 
burgdorferi (s.l.) (Smith et al., 2012; 2013).  It is notable that in general the prevalence 282 
of B. burgdorferi (s.l.) in UK ticks is considerably lower than reported prevalences from 283 
continental Europe, which range from 14% up to 49% (Rauter & Hartung, 2005) 284 
although in specific sites and habitats it may be higher. The reasons for the generally 285 
lower prevalence in the UK are not known, but continued ongoing surveillance to 286 
monitor any future changes in prevalence of this zoonotic spirochete would be prudent.   287 
Borrelia burgdorferi (s.l.) comprises of 19 species, five of which are reported to 288 
cause Lyme disease in humans: B. afzelii, B. garinii, B. burgdorferi s.s., B. bavariensis and 289 
B. spielmanii (Stanek & Reiter). Four different genospecies were detected in the current 290 
study, three with relatively equal prevalence: B. garinii (41.5%), B. afzelli (31.9%) and B. 291 
burdorferi (s.s.) (25.5%), while only one case of B. spielmanii was detected.  These 292 
relative prevalences are similar to previous reports (Rauter & Hartung, 2005; Estrada-293 
Pena et al., 2011) where meta-analysis found that B. afzelli and B. garinii were the most 294 
prevalent Borrelia burgdorferi (s.l.) species in central Europe followed by B. burdorferi 295 
(s.s.). Different Borrelia burgdorferi (s.l.) species are sustained by diverse transmission 296 
cycles involving different vertebrate host species but the same tick vectors (Margos et 297 
al., 2009); B. garinii has been reported more commonly in birds whereas B. afzelii 298 
circulates predominantly in rodent populations (Kurtenbach et al., 2002), indicating 299 
ticks feeding on dogs have fed previously on a variety of host species. The detection of B. 300 
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spielmanii is the first record for the UK from an I. ricinus tick infesting a domestic dog 301 
that had not travelled recently. This Borrelia species is usually associated with rodents, 302 
especially dormice (Ritcher et al., 2006), and has been reported to cause erythema 303 
migrans and Lyme disease in humans (Maraspin et al., 2006). Detection of B. garinii in R. 304 
sanguineus in this study is of interest because vector competency of this tick species for 305 
B. burgdorferi (s.l.) has not been confirmed, but this tick collected in three sites in 306 
southern England and one in Wales has been found to carry Borrelia (Hubbard et al., 307 
1998). Babesia detection in ticks using a highly sensitive probe-based qPCR (originally 308 
designed to detect Babesia spp. in dog blood) initially led to problems with cross-309 
reactions with other tick-borne microorganisms. The qPCR identified 490 samples out 310 
of 4,737 DNA extracts that appeared to be ‘positive’ for Babesia spp., but after sequence 311 
analysis and BLAST, only 70 of these were confirmed as Babesia spp. The others were 312 
identified as a range of other organisms, mainly Stenophora robusta, uncultured 313 
eukaryote clone SGYH921 and some Colpodellidae spp.. Ticks carry a number of 314 
endocellular symbionts (Cheng, 1993) and several of these microorganisms are not yet 315 
identified and characterised (Raoult & Roux, 1997). This cross-reactivity reduces the 316 
accuracy of sensitive qPCR for pathogen detection in ticks.  The same Babesia spp. qPCR 317 
does not give false positive cross-reactions when run on DNA extracted from dog blood 318 
where other endocellular symbionts would not be found. Thus, PCR and DNA sequence 319 
analyses of amplicons is necessary for exact Babesia species identification and for 320 
avoidance of false positive results (Hildebrandt et al., 2013). 321 
Sequence analysis of the 70 Babesia positive amplicons found that 59 (84.3%) 322 
were B. venatorum, 7 (10 %) were B. vulpes sp. nov., 2 (2.9 %) were B. divergens/B. 323 
capreoli and one (1.4 %) was B. microti.  The speciation of Babesia protozoa is complex 324 
and the pathogenicity of identified species is uncertain. Ten Babesia pathogens 325 
categorised as B. vulpes sp. nov. were detected, and these also matched by BLAST on the 326 
NCBI database with four different entries of Babesia piroplasms (Piroplasmida sp. 327 
mel1/Burgos/2007, B. vulpes, Theileria annae and Babesia cf. microti) with similar 328 
sequence identity scores. It was difficult to assign them specifically to any of these 329 
matches; recently Baneth et al. (2015) categorised these four Babesia piroplasms as a 330 
single species B. vulpes sp. nov, an approach also adopted in this study.  331 
Two Babesia spp. amplicons were identified as B. divergens and B. capreoli with 332 
equal BLAST scores. The differentiation between B. divergens and B. capreoli is difficult 333 
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due to their morphological similarities and it is further complicated by the high 334 
percentage of identity between their respective 18S rRNA gene sequences. Babesia 335 
divergens and B. capreoli have very few intraspecific differences in their 18S rRNA with 336 
99.83% identity, with differences only at positions 631, 633 and 1637 (Malandrin et al., 337 
2010). The position of primers and amplicon length used in this study did not allow 338 
these two species to be differentiated. Another similar pathogen is Babesia odocoilei.  It 339 
infects white tailed Deer, elk and caribou in the United States, but is difficult to 340 
distinguish based on 18S rRNA gene sequences from B divergens and B. capreoli, and 341 
was not identified here (Holman et al., 1994). Babesia divergens is a zoonotic pathogen 342 
with a wide host range, but has not so far been reported to cause disease in dogs; B. 343 
capreoli has been reported in wild cervids and its zoonotic potential is uncertain (Gray 344 
et al., 2010; Malandrin et al., 2010). 345 
Three ticks were co-infected with B. garinii and B. venatorum and co-infection 346 
between Borrelia and Babesia has been reported previously (Krause et al., 1996; 347 
Jablonska et al., 2016) but the exact species combinations varies with the geographical 348 
location (Swanson et al., 2006). Co-infections have been reported to produce more 349 
severe clinical symptoms and introduce further complications in the diagnosis and 350 
treatment of disease (Krause et al., 1996). 351 
A cluster of cases of B. canis infection with associated clinical signs of babesiosis 352 
has recently been reported in UK dogs (Swainsbury et al., 2016) and in this study B. 353 
canis was detected in one of the D. reticulatus ticks tested. In an earlier report (Abdullah 354 
et al., 2016), the dog from which this tick was obtained was not reported to have 355 
travelled outside the UK, but further investigation after finding this tick positive for B. 356 
canis, revealed that the dog had in fact recently returned from France. The detection 357 
underlines the ongoing risk of entry and establishment of this pathogen in the UK. Since 358 
pathogens were identified in fed ticks collected from dogs, it is possible that some were 359 
acquired with the current blood-meal rather than being mature infections; this may 360 
have contributed to a slight overestimation in prevalence or the presence of pathogens 361 
in unexpected vector species.   Nevertheless, the data clearly suggest that dog owners 362 
need to be aware of the appropriate measures required to protect their dogs against 363 
tick infections at home and while travelling in other countries.  364 
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Table 1.   The number of ticks analysed in the study, the number positive for B. burgdorferi 581 
(s.l.) and Babesia spp. and percentage prevalences with exact binomial 95% confidence 582 
intervals for different regions of the UK. 583 
 584 
 585 
Region Total 
number of 
tick 
samples 
No. of ticks 
positive for B. 
burgdorferi 
(s.l.)   
Prevalence 
(%) 
95 % 
confidence 
interval 
No. of ticks 
positive for 
Babesia spp.  
Prevalence 
(%) 
95 % 
confidence 
interval 
Scotland – 
Highlands 
266 8 3.0 0.021 5 1.9 0.016 
Scotland – 
Lowlands 
400 9 2.3 0.015 2 0.5 0.007 
Wales  201 6 3.0 0.024 3 1.5 0.017 
England – 
Southwest  
1581 35 2.2 0.007 26 1.6 0.006 
England – 
Southeast  
942 13 1.3 0.007 11 1.2 0.007 
England – 
Central  
373 4 1.1 0.011 9 2.4 0.016 
England – 
Northern  
684 12 1.8 0.010 11 1.6 0.009 
East Anglia 266 7 2.6 0.019 3 1.1 0.013 
Unknown 24 0 0.0 0.000 0 0.0 0.000 
Total 4,737 94 2.0 0.004 70 1.5 0.003 
 586 
  587 
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Table 2. The number and species of tick, life-cycle stage, Borrelia burgdorferi (s.l.) species 588 
identified on partial ospA gene sequencing and sequence identity with matching GenBank 589 
accession numbers for the analysed ticks. 590 
 591 
Number 
of ticks 
Tick species Tick life-cycle 
stage 
Species detected Sequence 
identity (%) 
Accession 
number 
2 I. ricinus Partially-fed adult B. afzelii  98 AB253532 
6 I. ricinus Partially-fed adult B. afzelii  97-99 CP002950 
2 I. ricinus Unfed adult B. afzelii  97-98 CP002950 
1 I. ricinus Fed nymph B. afzelii  98 CP002950 
2 I. hexagonus Partially-fed adult B. afzelii  98-99 CP002950 
1 I. ricinus Partially-fed adult B. afzelii  99 CP009059 
1 I. ricinus Partially-fed adult B. afzelii  99 DQ007300 
3 I. ricinus Partially-fed adult B. afzelii  100 DQ007302 
1 I. hexagonus Partially-fed adult B. afzelii  99 DQ007302 
10 I. ricinus Partially-fed adult B. afzelii  99-100 DQ007303 
1 I. ricinus Partially fed adult B. afzelii  99 KT934527 
5 I. ricinus Partially-fed adult B. burgdorferi s.s. 97-99 CP009657 
2 I. ricinus Unfed adult B. burgdorferi s.s. 98-99 CP009657  
8 I. ricinus Unfed adult B. burgdorferi s.s. 97-100 DQ193525 
5 I. ricinus Partially fed adult B. burgdorferi s.s. 97-100 DQ193525 
1 I. ricinus Partially-fed adult B. burgdorferi s.s. 98 JF262959  
1 I. ricinus Partially-fed adult B. burgdorferi s.s. 98 KC954743 
2 I. ricinus Partially-fed adult B. burgdorferi s.s. 99  X95361 
4 I. ricinus Partially-fed adult B. garinii 98-99 DQ155629 
1 I. ricinus Partially-fed adult B. garinii 99 JF331336 
5 I. ricinus Partially-fed adult B. garinii 98-100 JF331345 
2 I. ricinus Fully-fed adult B. garinii 97-99 JF331345 
1 I. ricinus Unfed adult B. garinii 97 JF331345 
1 I. ricinus Fed nymph B. garinii 99 JF331345 
1 I. ricinus Unfed adult B. garinii 99 JF331346 
2 I. ricinus Partially-fed adult B. garinii 99 JF331361 
3 I. ricinus Partially-fed adult B. garinii 98-99 JF331369 
2 I. ricinus Unfed adult B. garinii 98-99 JF331369 
13 I. ricinus Partially fed adult B. garinii 97-99 JF331376 
1 I. ricinus Fully-fed adult B. garinii 99 JF331376 
1 I. ricinus Partially-fed adult B. garinii 99 KT963821 
1 I. ricinus Partially-fed adult B. garinii 98 X95354  
1 I. ricinus Partially-fed adult B. garinii 98 X95362 
1 I. ricinus Partially-fed adult B. spielmanii 98 CP001469 
1 R. 
sanguineus* 
Fully-fed adult B. garinii 98 JF331361 
*Tick found on a dog with recent travel history outside the UK  592 
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Table 3. The number and species of tick, life-cycle stage, Babesia spp. identified on partial 18S 595 
rRNA gene sequencing and sequence identity with matching GenBank accession numbers for the 596 
analysed ticks.  597 
 598 
No. of 
Ticks 
Tick Species Tick Stage Pathogen detected Sequence 
homology (%) 
Accession 
Number 
45 I. ricinus* Partially-fed Adult B. venatorum 97-100 KM289158 
8 I. ricinus Fully-fed Adult B. venatorum 98-100 KM289158 
3 I. ricinus** Unfed Adult B. venatorum 99 KM289158 
1 I. canisuga Partially-fed Adult B. venatorum 99 KM289158 
2 I. hexagonus Partially-fed Adult B. venatorum 99 KM289158 
2 I. ricinus Partially-fed Adult B. vulpes sp. nov. 98-99 FJ225390 
KT223483 
KT580785 
KM116004 
1 I. hexagonus Partially-fed Adult B. vulpes sp. nov. 99/99/99/99 FJ225390 
KT223483 
KT580785 
KM116004 
1 I. ricinus Partially-fed Adult B. divergens/B. capreoli 100 KM657258 
KM657250 
1 D. reticulatus Fully-fed Adult B. canis  99 KT008057 
HQ662634 
AY072926 
2 I. hexagonus Partially-fed Adult B. vulpes sp. nov. 98-99 FJ225390 
KT223483 
KT580785 
KM116004 
1 I. ricinus Partially-fed Adult B. vulpes sp. nov. 98 FJ225390 
KT223483 
KT580785 
KM116004 
1 I. ricinus Fully-fed Adult B. vulpes sp. nov. 100 KT223483 
LC127372 
1 I. ricinus Partially-fed B. divergens/B. capreoli 97 KT279879 
KM657258 
1 I. ricinus Fully-fed Adult B. microti 99 LC127372  
* Two of these ticks had coinfection with B. garinii 599 
** One of these ticks had coinfection with B. garinii 600 
 601 
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Fig 1. The distribution of tick samples (each dot represents a sample location) submitted by 625 
veterinary practices in the UK. 626 
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Fig 2. The distribution of Borrelia burgdorferi (s.l.) species detected in ticks collected from 630 
dogs in the UK.  631 
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Fig. 3. The distribution of Babesia spp. detected in ticks collected from dogs in the UK.  636 
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